The conventional extraction methods for investigating tissue metabolism are valuable but limited. In particular, the destructive methods used in analysis of many metabolites preclude observations of the time-course of flux through pathways for a single sample of material. For molecules that can cross the cell membrane, activity can be continuously monitored by radiotracer techniques (e.g. Neely et al., 1972; Mowbray & Ottaway, 1973 ). An alternative approach is the use of spectroscopy. This has been applied extensively in observation of oxygen delivery and utilization in perfused tissue from measurements of surface fluorescence of reduced nicotinamide nucleotides (e.g. Franke et al., 1976). N.m.r. is a technique of more general applicability since all biological elements have at least one magnetic isotope. It is therefore possible in principle to observe any molecule involved in metabolism. Since the radiofrequency radiation used in n.m.r. has a penetration depth of several centimetres, one records the entire metabolite content of a sample of tissue. The practical limitation is sensitivity, i.e. achievement of adequate signal-to-noise (by signal-averaging techniques) with a time resolution appropriate to metabolic studies. For this reason, and the simplicity of the spectra obtained, we have chosen to observe the 31P nucleus. Developments in spectrometer design (Hoult & Richards, 1975 , however, make data collection from less sensitive nuclei (e.g. feasible, and techniques have also been developed to simplify proton n.m.r. spectra of cells and thus permit assignment of small-molecule signals (Brown et al., 1977). The detection limit is, however, about lpmol of identical magnetic nuclei.
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Since the original reports of observation of n.m.r. signals from phosphates in skeletal muscle (Hoult et al., 1974; Burt et al., 1976; Seeley et al., 1976) , the technique has been applied to study of perfused mammalian kidney (Sehr et al., 1977) and heart and to superfused amphibian skeletal muscle (Dawson et al., 1977) . A successful interface of the n.m.r. and perfusion experiments requires careful consideration of the effects of conductors in the n.m.r. sample tube on radiofrequency fields and only limited disturbance of the homogeneity of the stationary magnetic field by connections necessary for perfusion. The problems have been discussed by Dawson et al. (1977) and by Gadian et al. (1978) .
The adenine nucleotides, phosphocreatine and inorganic and sugar phosphates are measured directly in a 31P n.m.r. experiment as areas under the respective signals.
The spectrum is thus a readout of the cellular energy status and this has been used in assessment of energy consumption during contraction and recovery of frog sartorii and gastrocnemii (Dawson et al., 1977) . By gating n.m.r. data collection to repeated electrical stimulation of the muscles, signal-to-noise was built up over several contraction-relaxation cycles and the time-course of phosphocreatine breakdown and resynthesis followed. The method has also been used in the study of metabolism in
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BIOCHEMICAL SOCIETY TRANSACTIONS ischaemia and recovery of perfused systems. For kidney, the technique has been used to quantify the metabolic consequences of procedures involved in renal transplantation (Sehr et al., 1977) . ATP concentrations were continuously monitored on blood perfusion of a kidney after ischaemia with the aid of a closed-circuit system linked to an anaesthetized 'assist' animal. For heart, observations were made of overshoots in phosphocreatine concentration after total global ischaemia (Battersby et al., 1977) . The second parameter of any n.m.r. signal is its central frequency and, in favourable circumstances, this may vary with interaction of the parent phosphate with other molecules within the cell. The most dramatic examples are the interaction of ATP with bivalent cations and of Pi with H+. The latter effect has been used to monitor intracellular pH in the steady state in evaluation of mechanisms of pH homoeostasis and the kinetics of hydrogen ion generation during ischaemia (Garlick et al., 1978) . Since it is possible using our spectrometer (4.2T) to collect pH, data from an adult rat heart within 20s, subdivision of the rates of proton-generating and -consuming pathways in ischaemia is now possible. Dawson et al. (1978) have recently measured pH, changes associated with recovery metabolism of muscle and, using known values for buffering capacity of the tissue, have calculated the rate of lactic acid production. They extended their analysis to estimates of the economy of ATP hydrolysis during muscle fatigue and concluded that the decline in force development is likely to be linked to changes in concentrations of intracellular metabolites. Finally, the frequency shifts of Pi signals that accompany acidosis have been used in preliminary estimates of the sizes of infarcts produced in rabbit hearts by ligation of specific coronary arteries (Hollis et al., 1977; C. H. Barlow, B. Chance, P. B. Garlick, G. K. Radda & P. J. Seeley, unpublished work). Although interpretation of the data is not straightforward (Hollis et al., 1977) , the method should provide both a measurement of the volume of ischaemic tissue and an assessment of the extensiveness of metabolic gradients within the heart as a whole.
Less accessible parameters of the n.m.r. signal are its relaxation times, t I and t2. They are determined by applying a tailored sequence of pulses of radiofrequency radiation (e.g. see Farrar & Becker, 1971) and their values provide information about the 'mobility' of small molecules within the cell. In the case of P, signals of skeletal muscle, t2 measurements gave evidence for hydrogen ion gradients within the tissue (Busby et al., 1978) . It has recently been possible, by combining determinations of relaxation times with a double-resonance technique (saturation transfer), to measure rates of the creatine phosphotransferase reaction in frog muscle and in perfused heart (Brown et al., 1978) .
